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Although trees are numerous in urban areas, their dynamic effects on the wind ﬂow are usually
approximated or neglected altogether in many wind engineering studies, especially those based on
numerical modeling. This study investigates the effect of the inclusion of trees in numerical simulations
of wind ﬂow in urban area. Three approaches are used to include the dynamic effect of trees: the basic
approach (tree effects are neglected), the implicit approach (tree effects are included in the surface
parameterizations), and the explicit approach (trees are represented by porous media). Several test cases
have been adopted in order to cover a wide range of urban complexities, wind directions, foliage den-
sities, and tree planting conﬁgurations. The results show that there are signiﬁcant effects of trees when
the explicit approach is used compared to the basic and the implicit approaches. Thus tree effects need to
be considered using an explicit approach to simulate wind ﬂow in urban area. Also, many parameters
such as wind direction, foliage density, and urban conﬁguration are believed to inﬂuence the intensity of
trees effects. This study emphasizes the importance to explicitly consider the effects of trees in numerical
model investigations for the wind ﬂow in urban areas.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Planting trees in urban areas is employed in landscaping as a
viable strategy to contribute to urban heat island mitigation (Akbari
et al., 2001), reduced energy use (McPherson and Rowntree, 1993),
and air pollution mitigation (Simpson and McPherson, 1998). For
instance, urban tree species offer the ability of direct removal of air
pollutants by dry deposition to plant foils. Street trees might also
indirectly reduce power plant emissions by increasing the insulation
of buildings and thus reducing the buildings energy consumption: in
summer, urban trees reduce air temperatures via shading and eva-
potranspiration, while in winter trees act as windbreaks to shield
buildings from the wind chill. Consequently, trees reduce the winter
heating load. In addition, urban trees help to improve outdoor wind
and thermal comfort by offering shade and shelter to pedestrians and
buildings and by reducing the wind speed in locations associated
with uncomfortable wind. As a side effect they take up CO2 and thus
add to the global CO2 sink.
The estimated numbers of urban trees including street trees are
given in Table 1 for some cities; many trees grow in these urban
areas. The real numbers of urban trees are even higher than thoseLtd. This is an open access article ureported here because these are only the trees registered by the
corresponding local authorities. Also, many cities have set plans to
increase the number of urban trees as an important element in
their green infrastructure projects.
The number of trees in urban areas implies that besides
buildings and other gray infrastructures, there is a considerable
amount of “green obstacles”. Of course the effect of these green
obstacles is different than that of buildings but still it modiﬁes the
near-surface turbulent and radiative exchange. This raises an
important question: are urban trees studied in urban domains for
wind effect by the wind engineering community so far? For this
purpose, the authors performed a search for the word 'tree’ in all
the articles published in the Journal of Wind Engineering &
Industrial Aerodynamics since 1980. The search included all the
article’s ﬁelds (title, abstract, body, etc.). Similar words of tree are
also used, such as 'trees' and 'vegetation'. The results are shown in
Fig. 1 on a yearly basis. In total, only 6% of all articles published
since 1980 include the term 'tree’. Out of them, only few articles
have addressed the effect of trees in the core of the study as done
by Mochida and Lun (2008) and Mochida et al. (2008).
In many studies of the wind ﬂow and air quality in urban areas,
especially those based on modeling, the tree effect is either
implicitly considered in the subgrid scale parameterization (the
surface roughness length, z0) or is neglected altogether. Thisnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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reason is that explicitly resolving urban trees requires detailed
information about the vegetation characteristics of the trees (e.g.
leaf area density, height, crown diameter) as well as its exact
location in the domain. The second reason is that modeling both
the aerodynamic and the thermal effects of the interactions
between trees and the surrounding air is a challenging task which
inevitably involves wind speed reduction, turbulence dissipation
due to drag forces from plant foliage elements as well as the
radiation absorption and shading. However, approximating the
effect from trees may lead to a high level of uncertainty, which
should be considered in the analysis of the results.
However, some studies can be found in the literature to address
the impacts of trees in street canyons on pollutant dispersion. These
studies are mainly based on wind tunnel measurements (Buccolieri
et al., 2009; Buccolieri et al., 2011; Gromke et al., 2008; Gromke and
Ruck, 2007, 2008) and same on numerical modeling (Balczó et al.,
2009). There are, however, numerical investigations of ﬂows within or
close to forests (Gross, 1987; Schlünzen et al., 2011b; Schlüter, 2006).
The current study aims to compare three approaches used to
approximate the effect of urban trees: (1) neglecting the effect of trees
(basic approach), (2) changing the surface roughness length (implicit
approach) and (3) explicitly resolving trees (explicit approach). The
focus of this study is the effect of trees on the ﬂow. The objective of
this comparison is to ﬁnd out if there are differences in the simulation
results in an attempt to answer the question raised in the title: should
we care about including the effect of urban trees in the numerical
simulation of urban areas?
The method used in this study is given in Section 2. The results
of the three approaches are given in Section 3 and are discussed in
Section 4.Table 1
Number of street and park trees in urban areas of some cities. The normalization is
done for the whole city area.
City Street trees (tree/km2) Urban park trees (tree/km2)
Hamburga 250,000 (360) 660,000 (950)
Tokyob 704,980 (320) 1,500,000 (681)
New York Cityc 592,130 (488) 5,212,000 (4295)
a Retrieved from: http://www.hamburg.de/hamburgs-stadtbaeume/ on
07.07.2014.
b Retrieved from: http://www.kensetsu.metro.tokyo.jp/kouen/gairojyu/
hyoushi5/index.html on 07.07.2014.
c Retrieved from: http://www.nycgovparks.org/ on 07.07.2014.
Fig. 1. Number of published articles in the Journal of Wind Engineering & Industrial Aero
to 01.07.2014.2. Method
2.1. Microscale model
In this study the obstacle resolving microscale model MITRAS
(Schlünzen et al., 2003) is used to simulate the wind ﬁeld in a typical
urban area. MITRAS is a 3-dimensional, non-hydrostatic, prognostic,
numerical model for wind, temperature, humidity and concentra-
tions within the obstacle layer (Salim et al., 2014a). MITRAS solves the
three-dimensional Reynolds-Averaged Navier Stokes equations
(URANS) with the k-ε model as turbulence closure. It resolves
obstacles (buildings, trees, etc.) explicitly including overhanging
obstacles (bridges, overpasses, wind turbines, or similar objects) to
account for the aerodynamics and the thermodynamic effects
including shading and heat transfer of such obstacles. It is capable of
incorporating different domain sizes ranging horizontally between a
few hundred meters (individual street canyons) and a few kilometers
(suburb) and vertically from a few hundred meters to the depth of
the troposphere. MITRAS includes Coriolis force effects, however,
these are neglected in the current investigation. Model validations
have been performed according to the Association of German Engi-
neers (VDI) guidelines (VDI, 2005) for obstacle resolving micro-scale
models (Grawe et al., 2013; Salim et al., 2014b).
2.2. Treatment of urban trees
The three approaches of the treatment of urban trees are
shown in Fig. 2 and are described in the following subsections. The
same meteorological conditions are used in each case. The simu-
lation results of these three groups are used to quantitatively
identify the impact of urban trees to highlight the foot print as
well as the magnitude of such impacts.
2.2.1. Basic approach
In this approach the effect of urban trees is neglected alto-
gether. The domain is simply simulated as if there was not a single
tree in the domain. Although this approximation is extreme as it
ignores all the green obstacles in the domain, it is used in most of
the studies in the wind engineering community (Fig. 1). However,
this approach can be typically used when trees or shrubs lose their
leaves in some seasons (most commonly during autumn and
winter) after the abscission process.
2.2.2. Implicit approach
The effect of urban trees is implicitly considered in the surface
parameterization, using a representative value of the roughness
length z0, which is used in the wall function. This is done by
allocating the equivalent vegetation surface cover class for thedynamics and those which include the term 'tree' in the time period from 01.01.1980
Fig. 2. Sketch of (a) a street canyonwith trees. The model approaches to represent this conﬁguration are (b) basic approach, (c) implicit approach, where red areas represents
increased surface roughness and (d) explicit approach. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this
article.)
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of z0 used for the urban tree class is limited by the vertical cell size
of the numerical grid,Δz, at the ﬁrst model level. The chosen value
of z0 should satisfy the assumption of the law of the wall that
z0ooΔz. Therefore, this approach is only applicable for a rela-
tively small roughness length or for a relatively coarse grid.
2.2.3. Explicit approach
The trees could be resolved in all detail with a very ﬁne grid,
which eventually would lead to grid sizes of below a millimeter to
resolve the size of a leaf. This is not feasible for large domains, thus
the explicit approach appointed here resolves the principle
structure of a tree but parameterizes smaller scale tree effects by
using the porous media approach. The exact geometry of trees (i.e.
trunk, branches and leaves) is not resolved in this case. The wind
speed reduction due to urban trees is parameterized in MITRAS by
local three dimensional sink terms added to the momentum
equation (Schlüter, 2006). These sink terms are functions of the
leaf-area density (L) of the tree. Following Liu et al. (1996), the sink
terms Sui are written here using the Einstein summation as fol-
lows:
S c L z U u 1ui d i= − ( )⋅ ⋅ ( )
here cd is the drag coefﬁcient (set to 0.2), L(z) is the equivalent
leaf-area density of the plant at height z, U is the mean wind speed
at height z, and ui is the wind velocity component.
To parameterize the additional mechanical production of tur-
bulence due to the trees, an additional source term (Qveg,E) is
added to the turbulent kinetic energy (E) equation in the model
equations (Salim et al., 2014a). According to Liu et al. (1996) this
additional term reads
Q c L z U c L z U E4 2veg E d d, 3= ( )⋅ − ( )⋅ ⋅ ( )
Validations of MITRAS for this approach can be found in Salim
et al. (2014b), Schlünzen et al. (2011b), and Schlüter (2006).2.3. Study cases and model set up
Three main morphologies are considered here to cover the
different geometrical complexity of urban areas: the idealized
street canyon, simpliﬁed urban geometry (array of buildings), and
a realistic urban geometry. These morphologies are brieﬂy
described here.2.3.1. Idealized street canyon
The idealized street canyon consists of two parallel beams used
to represent quasi-two-dimensional ﬂat-roofed multi-story
buildings. The street canyon considered in these test cases is cor-
responding to a street canyon spanning the entire width of the
domain and directed perpendicular to the approaching wind
direction. To account for the different street canyon conﬁgurations,
two different street canyons of length L¼180 m and height
H¼18 m with aspect ratios (street width W to building height H)
of 1 and 2, respectively, are considered in this study. Moreover,
two series of simulations are performed to account for the dif-
ferent ﬂow regimes of urban street canyon, i.e. the isolated street
canyon (open country) and the urban roughness where additional
canyons of similar geometry are incorporated in the domain
upstream and downstream of the street canyon.
2.3.2. Simpliﬁed urban domain
An array of 108 cuboid shaped buildings is considered to
represent a simpliﬁed urban domain. All buildings have the same
size (height H¼20 m, length B¼40 m, and width W¼20 m). The
buildings are arranged so that they shape street canyons with two
different widths giving aspect ratios (W/H) of 1 and 2, respectively.
Two wind directions are used: 270° (West wind) and 225° (South-
West wind). The building arrangement as well as the position of
the trees are shown in Fig. 3.
2.3.3. Realistic urban geometry
To consider a realistic urban geometry (corresponding to a
region of a real city), a domain extending 22 km2 in the city
centre of Hamburg in Germany (Fig. 4) is employed. This domain
contains several features of urban complexity, such as different
street conﬁgurations, open spaces (e.g. inner Alster), and different
building heights. Detailed geometric information on the shapes
and locations of buildings are utilized to consider the real build-
ings in the domain, which are explicitly resolved.
The real orography heights (height above sea level) as well as
the surface cover characteristics of the domain are introduced to
the pre-processor GriMask (Salim, 2014) in a standard ASCII grid
format of geographic information systems. All input data are taken
from: Digital Terrain Model, the data of the German geo-infor-
mation system ATKIS (Ofﬁcial Topographic-Cartographic Informa-
tion System) (Muller, 2000), the Digital city base map for vegeta-
tion data (DigitaleStadt-Grundkarte, DSGK), and the 3D-urban
model data (LoD 2) for buildings details. All these data are
Fig. 3. Buildings arrangements and tree locations of the idealized urban geometry case.
Fig. 4. Details of the simulated domain (dashed rectangle) in Hamburg city centre showing its location, the trees (in green), and buildings (in yellow), while spaces denote
mainly water or sealed or other areas which have neither buildings nor trees. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)
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grid and integrates these data to the computational domain.
This domain contains about 2800 trees with 130 different
species. Some details about the 15 main species are given in
Table 2.
2.4. Trees properties
The explicit approach (Section 2.2.3) requires information
about the distribution of L in the 3-D domain. This requires in turn
detailed information about the urban trees located in the domain,
i.e. species, size and age. In this study, the vertical distribution of L
is obtained by an empirical relation suggested by Lalic and
Mihailovic (2004) using three parameters, i.e. tree height (h),
maximum value of L (Lm) and the height this maximum occurs(zm). The relation reads
⎛
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All the trees used in the idealized street canyon cases as well as
the simpliﬁed urban geometry cases are assumed to have the same
height (h/H¼0.67) and maximum crown diameter Dtree of
Dtree/H¼0.5. H denotes the building height. The Lm and zm/H values
are assumed to be 1.6 m2/m2 and 0.47, respectively.
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processed to produce the actual L distribution in the domain. For
instance, the size of each tree (height and crown diameter) is
estimated from the tree species and its age using an empirical
formulae (Schlünzen et al., 2011a). To estimate the key parameters
of the forest canopy in structural characteristics, the value of Lm is
obtained, whenever possible, from the forest phenology calendar
of the corresponding tree species. Additionally, two Lm values are
used to account for the different amounts of leaves in the trees in
different times of the year. The corresponding height zm is esti-
mated according to the classiﬁcation suggested by Kolic (1978).
According to Kolic (1978), there are mainly three groups: (1)
zm¼0.2h (oak and silver birch), (2) 0.2hozmo0.4h (common
maple), and (3) zm¼0.4h (pine), where the representative tree
species is in the bracket. This classiﬁcation is used to calculate the
heights in Table 2.Table 2
The estimated tree size for the 15 main species in the domain, the groups are
explained in Section 2.4.
Species Number of
trees
Planting year h, m Dtree, m zm, m
Tilia vulgaris 488 1965 25.57 8.07 7.67
Platanus acerifolia 435 1975 21.08 9.17 8.43
Quercus robur 133 1991 13.16 5.76 2.63
Tilia cordata 132 1973 17.67 6.20 5.30
Tilia platyphyllos 112 1969 28.28 8.24 8.48
Tilia vulgaris 'Pallida' 92 2004 3.36 2.58 1.01
Robinia pseudoacacia
'Bessoniana'
83 1991 9.07 6.31 1.81
Quercus robur
'Fastigiata'
74 1995 8.32 2.07 2.91
Quercus palustris 73 1995 7.93 5.64 1.59
Corylus colurna 68 1986 16.81 4.84 6.72
Acer platanoides
'Globosum'
68 1988 12.41 4.82 4.96
Robinia pseudoacacia 66 1980 14.38 8.47 2.88
Robinia pseudoacacia
'Umbraculifera'
65 1987 10.88 2.51 2.18
Tilia euchlora 62 1985 11.06 4.76 3.32
Carpinus betulus 59 1989 10.0 4.90 2.01
Table 3
Simulated cases for the idealized street canyon
Case ID Treatment of trees effect Canyo
C1B Basic approach Isolate
C2B Isolate
CMB Multip
C1I Implicit approach Isolate
C2I1 Isolate
C2I2 Isolate
CMI Multip
C1E1 Explicit approach Isolate
C1E2
C1E3
C2E1-1 Isolate
C2E1-2
C2E1-3
C2E2-1
C2E2-2
C2E2-3
CME1 Multip
CME2
CME32.5. Measures for quantitative analysis
For quantitative comparisons of the ﬂow ﬁeld in different
urban-complexity/tree-planting conﬁgurations, the following two
measures are suggested: the normalized volumetric ﬂow rate, Vzþ ,
and the velocity reduction coefﬁcient, ϕ. The former represents
the vertical volume ﬂow rate, Vz, through a horizontal plane at a
height z above the ground normalized by the domain cross-sec-
tional area Ad (omitting the buildings area), and a characteristic
velocity Uh (e.g. corresponding velocity at the building height). It
reads as follows:
V
V
A U 4
z
z
d h
=
( )
+
The velocity reduction coefﬁcient relates the wind speed in the
tree-free canyon (basic approach) with its counterparts in the
explicit and implicit approach. The linear model reads
u u 5i tree i i tree free, ,ϕ= ( )−
here ui refers to the velocity components for each point in the
domain. Although this model is somewhat simplistic, it serves to
explain the correlation between the different approaches of tree
representation. Both measures are dimensionless, as shown in Eqs.
(4) and (5).
Besides, the tree foliage density inside the domain is repre-
sented by the average leaf area density, L¯ , which is deﬁned as
follows:
L
L
V 6
canyon
d
¯ =
∑
( )
where Vd is the volume of the domain excluding the volume of
buildings.3. . Results
3.1. Idealized street canyon
The settings of all simulated cases for the idealized street
canyon are summarized in Table 3. The combinations of the street
canyon and the trees conﬁgurations with the treatment approach
of the tree effect give 19 cases.n conﬁguration Tree planting conﬁgurations
d street canyon, W/H¼1 No trees
d street canyon, W/H¼2
le street canyons, W/H¼1
d street canyon, W/H¼1 One row trees, z0¼0.05 m
d street canyon, W/H¼2 One row trees, z0¼0.05 m
d street canyon, W/H¼2 Two rows trees, z0¼0.05 m
le street canyons, W/H¼1 One row trees, z0¼0.05 m
d street canyon, W/H¼1 One row trees, Lm¼0.8
One row trees, Lm¼1.6
One row trees, Lm¼3.2
d street canyon, W/H¼2 One row trees, Lm¼0.8
One row trees, Lm¼1.6
One row trees, Lm¼3.2
Two rows trees, Lm¼0.8
Two rows trees, Lm¼1.6
Two rows trees, Lm¼3.2
le street canyons, W/H¼1 One row trees, Lm¼0.8
One row trees, Lm¼1.6
One row trees, Lm¼3.2
Fig. 5. Normalized changes in horizontal (to the right) and vertical (to the left) wind speed due to including the tree effects for cases: C1E2 (a, b), C1I (c, d), C2E1-2 (e, f),
C2E2-2 (g, h), C2I2 (i, j), and CME2 (k, l). See Table 3 for cases IDs. Velocity victors are shown here for corresponding tree-free case to illustrate the ﬂow pattern.
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sented here. Fig. 5 shows the relative changes of the horizontal as
well as the vertical wind speed inside and above the street canyondue to trees effects compared to the tree-free case for different
canyon conﬁgurations and tree positions. The wind speed changes
have been calculated by comparing point-to-point wind speed
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normalized form by scaling the spatial dimension by the building
height H and the velocity changes by a reference wind speed, UH,
equivalent to the undisturbed wind speed at height H. The velocity
vectors shown in Fig. 5 are for the tree-free case. The color map of
Fig. 5 is made so that white color is assigned for normalized wind
changes of 71% so that only values higher than 71% are shown.
The threshold of 71% is apparently higher than the value
recommended by the VDI guidelines to consider the signiﬁcant
difference between two ﬂow ﬁelds (VDI, 2005).
First, the results show that the ﬂow inside and above street
canyon can be signiﬁcantly altered by explicitly considering the
effect of trees compared to the implicit approach (Fig. 5a–d). In
particular, the intensity of the canyon vortex is decreased (Fig. 5e–
h) due to the foliage drag indicating that the rotation of the air
mass inside the canyon is decelerated by trees. Second, the dis-
tribution of the velocity changes in case of the explicit approach is
related to the magnitude of the local velocity component (e.g.Table 4
Quantitative analysis of the tree effects in idealized street canyon case.
Case ID L¯ (103) Vþ (102) ϕu ϕw
C1B – 6.47 1.00 1.00
C1I – 6.45 0.99 0.99
C1E1 22.3 5.46 0.83 0.87
C1E2 44.6 4.98 0.74 0.80
C1E3 89.2 4.42 0.64 0.72
C2B – 11.56 1.00 1.00
C2I1 – 11.17 0.96 0.96
C2E1 11.1 9.40 0.83 0.84
C1E2 22.3 8.16 0.73 0.74
C1E3 44.6 6.95 0.62 0.63
C2E1-1 – 11.16 0.96 0.96
C2E1-2 22.3 9.40 0.83 0.84
C2E1-3 44.6 7.75 0.61 0.61
C2E2-1 89.2 6.55 0.50 0.49
C2E2-2 – 7.23 1.00 1.00
C2E2-3 – 7.23 1.00 1.00
CME1 22.3 6.99 0.96 0.93
CME2 44.6 6.73 0.93 0.89
CME3 89.2 6.36 0.88 0.83
Fig. 6. Scatter plots of (a) the horizontal wind speed and (b) the vertical wind for all appr
results within the street canyon are analyzed.Fig. 5g and h). Keeping in mind that the ﬂow inside the canyon is a
vortex-like ﬂow, the velocity reductions vanish at locations with
low or zero speed. This is not surprising since the parameteriza-
tion of the velocity reduction is related to the local velocity mag-
nitude, as given in Eq. (1). Third, the implicit approach has only a
subtle effect on the ﬂow inside the canyon in comparison to the
basic approach and it is hardly seen at all in narrow canyons.
Fourth, the conﬁguration of the street canyon (aspect ratio) as well
as the tree planting conﬁguration (either a single row of trees or
avenue-like trees) signiﬁcantly affect the degree of velocity
reductions by modifying the parameters in Eq. (1). While the
former modiﬁed the ﬂow inside the canyon, the latter changed the
local L values. Finally, the multiple street canyon cases (Fig. 5k and
l) give an interesting feature of the ﬂow above street canyons in
the vicinity of trees. Speciﬁcally, the wind speed is higher than in
the tree-free case. This can be explained by the tendency of the air
to ﬂow above the vegetated street canyon rather than inside it.
The normalized volumetric ﬂow rate inside the canyon, Vþ , and
the velocity reduction coefﬁcients, ϕi are calculated according to
Eqs. (4) and (5). The canyon volume is considered here as the
investigated domain for the calculations of those two measures.
The height of z¼0.7h is chosen as the plane to calculate the
volumetric ﬂow rate. The results are shown in Table 4 for all casesoaches of treatment of trees effect showing the velocity reduction coefﬁcients. Only
Table 5
Simulated cases for the simpliﬁed urban domain.
Case ID Treatment of trees
effect
Wind direction Tree planting
conﬁguration
U1B Basic approach 270° No trees
U2B 225°
U1I Implicit approach 270° z0¼0.05 m
U2I 225°
U1E1 Explicit approach 270° As shown in Fig. 3, Lm¼0.8
U1E2 As shown in Fig. 3, Lm¼1.6
U1E3 As shown in Fig. 3, Lm¼3.2
U2E1 225° As shown in Fig. 3, Lm¼0.8
U2E2 As shown in Fig. 3, Lm¼1.6
U2E3 As shown in Fig. 3, Lm¼3.2
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H¼2.
In all explicit approach cases values of Vþ are smaller than the
tree-free cases. For example, the relative deviation of Vþ reaches
about 40% in the case C2E2-3 compared to case C2B, implying thatFig. 7. Normalized changes in wind speed (a, c, e, g) and vertical wind (b, d, f, h) at a hei
h). See Table 4 for the cases IDs. Velocity vectors are shown for the basic approach casethe volume ﬂow of air crossing the horizontal plane at z/H¼0.7 is
reduced by 40% due to the trees effect. The degree of tree foliage
density inside the street canyon alongside the canyon geometry
affects Vþ values. On the other hand, the implicit approach has
marginal effects on Vþ values.ght of 0.5H above the ground in cases: U1E2 (a, b), U1I (c, d), U2E2 (e, f), and U2I (g,
s.
Table 6
Quantitative analysis of the tree effects in simpliﬁed urban domain case.
Case ID L¯ (103) Vþ (102) ϕFF ϕw
U1B – 5.62 1.00 1.00
U2B 5.13 1.00 1.00
U1I 5.59 0.99 0.99
U2I 5.12 0.99 0.99
U1E1 2.19 5.08 0.76 0.87
U1E2 4.46 0.81 0.80
U1E3 4.38 5.0 0.69 0.82
U2E1 4.19 0.73 0.70
U2E2 8.77 4.93 0.61 0.76
U2E3 3.98 0.66 0.62
Table 7
Simulated cases for the realistic urban domain.
Case ID Treatment of tree
effects
Wind direction
(deg)
Notes
R1B Basic approach 230 No trees
R2B 270
R1I Implicit approach 230 z0¼0.35 m
R2I 270
R1E1 Explicit approach 230 Half values of Lm at the
foliage seasonR2E1 270
R1E2 230 Lm values at the foliage
seasonR2E2 270
R1E3 230 Double values of Lm at the
foliage seasonR2E3 270
Fig. 8. Normalized changes in (a) wind speed, FF, and (b) vertical wind in Hamburg
centre at a height of 7.5 m above the ground due to including the tree effect using
the explicit approach (case R1E2). Velocity vectors are for the tree-free case (R1B).
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horizontal wind velocity components show the pronounced
effects of the trees in case of the explicit approach and the subtle
inﬂuence of trees in case of the implicit approach. Increasing the
degree of tree foliage density inside the street canyon decreases
both, ϕu and ϕw values.
3.2. Simpliﬁed urban domain
Ten simulations were performed for the simpliﬁed urban
domain to account for different tree effects approaches and dif-
ferent wind directions. These test cases are summarized in Table 5.
The relative changes in the wind speed as well as the vertical
wind component are shown in Fig. 7 for a horizontal plane at a
height z¼0.5 H above the ground for selected cases. The arrows in
the ﬁgure represent the velocity vectors of the basic approach
case. The white color in the color map of Fig. 7 is assigned for
normalized wind changes of 72.5% so that only values higher
than 72.5% are shown. This value is higher than the threshold
value used in the idealized street canyon (Section 3.1).
Comparisons between the changes in the wind ﬁelds due to the
different treatments of tree effects in the simpliﬁed urban domain
show pronounced differences. Explicit inclusion of trees reduces
the wind ﬁeld while the implicit treatment creates only slight
changes (Fig. 7c and g). Normalized effects on the vertical wind are
smaller, but again more pronounced if the explicit approach is
used (Fig. 7b and f) compared to the implicit approach (Fig. 7d and
e). Since the ﬂows within the street canyons depend on both, their
geometrical detail (foremost the aspect ratio) and the main wind
direction, the magnitude of wind reduction pattern changes with
wind direction and distinctly reduced velocity ﬁelds can be seen,
Fig. 7a and e. Additionally, since the domain contains narrow and
wide streets, more pronounced effects of trees exist in wide streets
perpendicular to the main wind direction compared to the narrow
streets (Fig. 7).The effects of trees are more pronounced and complex in this
case compared to the idealized street canyon case. This is not
surprising since the ﬂow in idealized street canyon is only domi-
nated by a vertically rotating canyon vortex driven by the shear
forces of the ﬂow above the building top. In contrast, additional
driving forces are induced by building corners creating eddies
yielding to a more complicated three-dimensional ﬂow ﬁeld and,
of course, to complex tree effects on the air ﬂow.
For the quantitative analysis, both Vþ and ϕ values are calculated
as described in Section 2.5. All street canyons located in the domain
are considered here as the investigated domain for the calculations of
both measures. The volumetric ﬂow rate is again calculated at a plane
of height z¼0.7H above the ground. The results are shown in Table 6
for all cases with simpliﬁed urban domain.
Comparing Vþ for all cases clearly shows that including the
trees in the simulations reduces the air volume ﬂow through the
corresponding plane indicating that the rotation of air mass in the
streets has been slowed down by the trees. Again, the tree effect in
case of the implicit approach is minor. Increasing the foliage
density decreases Vþ for the two wind directions considered.
Similarly, the horizontal and vertical reduction coefﬁcients ϕi are
decreased by considering the trees effects. By increasing the foli-
age density the ϕi values decrease as expected.
Fig. 9. Same as Fig. 8, but for case R2E2.
Fig. 10. Normalized changes in (a) wind speed, FF, and (b) vertical wind in Ham-
burg centre at a height of 7.5 m above the ground due to including the tree effect
using the implicit approach (case R1I). Velocity vectors are for the tree-free case
(R1B). Note the difference in scaling.
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The different treatments of urban trees are used to simulate the
effect of urban trees on ﬂows in a realistic urban area. The simu-
lations were performed for 10 different cases (Table 7). For each
case, the same meteorological conditions were used: the wind
speed was 3 m/s at 200 m above the ground. Two wind directions
were assumed, 230° and 270°, which are typical wind directions in
Hamburg. Temperatures of all physical surfaces (including build-
ings) are ﬁxed to ensure the focus is on the dynamic effects of the
trees. Furthermore, a clear summer day is assumed for all simu-
lations, with no clouds or precipitation developments were in the
domain. Also, Coriolis force is neglected and neutral stratiﬁcation
is assumed in the simulation. The domain is represented by
5.4106 grid cells with a spatial resolution of 5 m.
Fig. 8 shows the normalized changes of the horizontal wind
speed (Fig. 8a) as well as the vertical wind (Fig. 8b) at a height of
7.5 m above the ground for the normalized differences of cases the
explicit approach (case R1E2) and the basic approach (case R1B).
Similarly, Fig. 9 shows the normalized changes in case R2E2. The
normalization wind speed is chosen here as the wind speed at a
height equivalent to the average building height. The velocity
vectors shown in Figs. 8 and 9 are for the tree-free, i.e. cases R1B
and R2B, to illustrate the ﬂow patterns. Several features of the
dynamic effects of the urban trees can be found in the case of the
explicit approach. First, using this approach has mostly reducedthe wind speed in the domain. This is clear in Fig. 8a where the
wind speed has been reduced in many locations (high negative
values of the wind speed changes). These locations are attributed
to the effective inﬂuence domain of the trees, resulting in the
typical effect of trees: overall reduction in the wind speed. Inter-
estingly, positive values of the wind speed change can be seen in
the same ﬁgure, implying higher wind speed values at the corre-
sponding locations. This can be attributed to the blocking effect of
the trees in vegetated streets in the domain, where the wind is
redirected to the tree-free streets and thus higher values result.
The changes in both the wind speed as well as the vertical wind
due to the effect of trees are highly affected by the high complexity
of the urban domain (e.g. complex street conﬁgurations, building
shapes, and the variability of orography heights and surface cover
types). The latter determines the local wind velocity components
which in turn determine the reductions in the local wind velocity
whenever a tree exists, according to the parameterization of the
tree effect. This can be seen in Figs. 8 and 9 where high wind
velocity reductions are noticed in wide streets and in open spaces
(e.g. Alster Lake). These locations are associated with high local
wind velocities.
Fig. 11. Same as Fig. 10, but for case R2I.
Table 8
Quantitative analysis of the tree effects in the realistic urban domain case.
Case ID L¯ (103) Vþ (102) ϕFF ϕw
R1B – 5.60 1.00 1.00
R2B 5.75 1.00 1.00
R1I 5.59 1.00 1.00
R2I 5.72 1.00 1.00
R1E1 0.105 5.39 0.93 0.95
R2E1 5.54 0.96 0.97
R1E2 0.209 5.36 0.91 0.93
R2E2 5.55 0.94 0.96
R1E3 0.419 5.34 0.89 0.92
R2E3 5.52 0.93 0.94
M. Hefny Salim et al. / J. Wind Eng. Ind. Aerodyn. 144 (2015) 84–9594In the same way, the normalized wind speed changes as well as
the vertical wind changes are given in Fig. 10 and Fig. 11 at height
7.5 m above the ground for the test cases R1I and R2I, respectively.
As can be seen in Figs. 10 and 11, the effects of trees using the
implicit approach are small effects in most of the domain. How-
ever, these effects are relatively higher at open spaces compared to
narrow street canyons. The scale of the normalized differences
used in these ﬁgures is much smaller than the scale used in the
ﬁgures of the explicit approach in order to show such small effects.
The quantitative comparisons of the ﬂow ﬁeld in the domain
using the different tree representations are given in Table 8 interms of the two measures described in Eqs. (4) and (5). The
reduction coefﬁcients are calculated for all points located below a
height of 35.0 m from the ground and the volumetric ﬂow rates
are calculated at a plane 7.5 m above the ground.
Similar to the idealized street canyon and the simpliﬁed urban
domain cases, comparing Vþ and ϕu conﬁrms the effects of trees on
the wind ﬂow. The changes in Vþ and ϕu values in the implicit case
are not as much as those changes in the idealized street canyon
and the simpliﬁed urban domain cases. This can be explained by
comparing the L¯ values in the three cases. In the realistic urban
geometry case L¯ values are much smaller than the corresponding
values of the other two cases due to the large open spaces in the
realistic domain.4. Discussion
Comparing all results for all test cases clearly shows that there is a
signiﬁcant variability in the numerical results when using different
approaches to represent tree effects. The explicit approach results in
mostly reductions and local increases of the wind velocity in the
domain. The reductions are mostly spatially related to the location of
trees and the conﬁguration of urban geometry. For instance, in wide
streets and open spaces the tree effect is pronounced and extends
beyond the tree area. For the implicit approach for representing the
trees in the surface parameterizations, the changes in the ﬂow ﬁeld
are very small compared to the explicit approach. The reductions of
the wind speed are very local and are barely transported above the
obstacles. While this approach might be useful for a landscape that is
relatively unobstructed with buildings, it is inadequate to simulate
detailed inﬂuences of trees on the ﬂow within complex urban
geometries.
Additionally, the quantitative analysis indicate that due to trees
the air volume ﬂow crossing the horizontal planes inside street
canyons will be reduced and, as a result, all ﬂow related processes
such as air pollutant dispersion and air-surfaces heat exchange
might be affected. Another essential point is that the effect of trees
is not limited to the street canyon but extends above the street
canyon, which can be clearly seen in the multiple canyons case.
This is expected to affect the spatially averaged ﬂow proﬁles in
urban area with trees, which should be taken into account for
simulating e.g. dispersion or in the development of para-
meterizations of neighborhood-scale models.
Therefore, if the choice is to either consider or neglect the tree
effect, provided that sufﬁcient tree data are available, then the
current study highly recommends considering the tree effect using
the explicit approach for several reasons. First, it is not recom-
mended to invest time and effort to get and process the tree data
and eventually to use the implicit approach to consider the tree
effect because, in this case and according to this study, the tree
effect on the ﬂow is very small. Second, the computational cost of
including the tree effect using the explicit approach is not high
since only few terms are added to the ﬂow equations. This is
conﬁrmed in this study by comparing the CPU time required for
the different cases. Third, nowadays it is relatively easy to get
detailed information about the trees in an urban area with the
advent of GIS techniques and the policies of making the surface
cover data available.
The further challenge will be how to accurately parameterize
and validate the numerical models, and to use the better knowl-
edge of trees data to account for the tree effects. Moreover, it is
important to investigate how much complexity is necessary to
model the tree effects. For example, there are still tree effects not
explicitly included such as leaf ﬂuttering and streamlining. Also,
the local change in the wind ﬂow due to tree effects is much
higher than the average change in real urban domain. To work
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importantly wind tunnel experiments as well as ﬁeld measure-
ments are still needed to validate the numerical models.
While the general suggestion of this study is to consider the trees
in the conventional numerical investigations with the intention of
obtaining better representation of urban area, two points should be
taken into account. First, as the parameterizations suggest, the tree
effect is related to the local wind velocity and the tree foliage density.
This means that tree effects occur only if those two parameters exist
concurrently. For example, if the windy season of a city happens
when trees are leaf-less due to seasonal foliage loss, small tree effects
are expected in the ﬂow. Also, in the situation of low or no wind
speed minor tree effects are likely to happen in the ﬂow. However,
this is not always the case since the buildings, especially high-rise
buildings, might increase the local wind velocity in its neighborhood.
Second, the uncertainty of estimating the tree effects should be taken
in consideration when analyzing the effects on the wind ﬂow. This
obviously depends on the complexity of the tree effect para-
meterizations as well as the accuracy of the input data (e.g. tree
height, crown diameter, and leaf area density).5. Conclusions
In order to answer the question: “Should we care about including
trees in the numerical simulations of the wind ﬂow in urban areas?”,
three different approaches have been used to approximate the effect
of urban trees in the numerical simulation of wind ﬂow ﬁeld in
urban areas. Different urban complexities, wind directions, and tree
foliage densities have been considered to cover a broad range of
urban area conﬁgurations with urban trees. Explicit representation of
trees using the porous media approach in the simulations results in
reduced wind speeds inside and above the street canyons when
compared to the tree-free cases. Including the effects of the trees in
the surface parameterizations (increased roughness length) only
slightly reduced the wind speed in the street canyons. As a result, this
study highlights the importance to consider the effects of trees in
numerical model investigations for problems such as air pollutant
dispersion, air quality assessment, and wind comfort studies. The
results of this study clearly show that the answer to the title question
is “yes, we should care”.Acknowledgments
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